We report thermally activated transport of highly mobile dislocation loops in terms of a line tension model where the dislocation loops are assumed to be a flexible string. The activation energy and transition rate are calculated on the basis of a classical rate theory. The activation energy merely increases with the length of the dislocation loops. However, the activation process and temperature dependence of the transition rate qualitatively change at a critical length L c . If the dislocation loops are longer than the critical length, the thermal activation occurs through the conventional double-kink formation process on the dislocation lines. On the other hand, if the dislocation loops are shorter than that, the saddle point configuration is not the double-kink type but non-deformation one. Therefore, the critical length L c is a plausible criterion for the dislocation loops to distinguish dislocation like from point-defect like in size.
Introduction
Prismatic dislocation loops are commonly observed in metals irradiated with high-energy particles. 1) In particular, perfect edge dislocation loops in BCC metals with Burgers vector b ¼ a=2h1; 1; 1i are expected to have quite high mobility. Therefore, they play an important role in formation of radiation damage and mechanism of defect accumulation. 2) In fact, the motion of the dislocation loops in irradiation-induced cascade is essential for understanding swelling behavior due to voids in terms of the production bias model. 3, 4) In molecular-dynamics simulations, the dislocation loops are treated as the periphery of self-interstitial atom (SIA) clusters located on a habit plane. The atomistic configuration in finite temperatures and activation energy were calculated in pure metals, especially in -Fe using appropriate empirical potentials. [5] [6] [7] [8] These simulations clearly indicated that the SIA clusters are one-dimensionally mobile along a closepacked row of atoms, in particular, clusters larger than three to four SIAs. Such one-dimensional motion was first pointed out for migration of single SIA in the so-called crowdion configuration.
9) The jump frequency À of the SIA clusters is represented with the activation energy E a (migration energy for thermal diffusion) and pre-exponential factor 
where T is temperature and k B is Boltzmann constant. On the other hand, the thermal activation of dislocations was investigated on a rate theory 10) as well. Let the potential energy defined in the high-dimensional configuration space be . According to the theory, there exists a saddle point P between two separated stable states, A and B, in the configuration space, as shown in Fig. 1 . The transition rate from A to B is determined by the flux intensity passing across the hyper-surface S separating the region around A from that around B. In particular, the flux in the vicinity of the saddle point P mainly contributes to the transition. Generally speaking, plural saddle points exist between the two stable states. However, the lowest saddle point with respect to energy among them is realized as the transition path. The activation energy E a is equal to the difference of the potential energy ðPÞ À ðAÞ, which is extensively used concept in the field of chemical reaction. 11) Recently, a numerical method was established to find the saddle point 12) in the highdimensional configuration space. It was applied to a research on the thermal activation of dislocations. 13) The rate theory 10) was mainly applied to the calculation for the activation energy of infinitely long or pinned straight dislocations lying almost parallel to Peierls potential valley; Peierls potential is a barrier that dislocations encounter in crystals. Then, the dislocations are assumed to be a smooth flexible string with line tension (line tension model). The activation energy was estimated as double-kink formation energy on the dislocation line using various kinds of Peierls potentials, e.g., double sine-Gordon type, 14) subsequently, piecewise parabolic 15) and cubic polynomial ones. 16) In this paper, we calculate the activation energy and transition rate of the prismatic dislocation loop in terms of the line tension model. The dislocation loop corresponds to the periphery of an SIA cluster and it is bound on the lateral surface of a circular cylinder, as shown in Fig. 2 . This model is, of course, a drastic simplification of the actual prismatic dislocation loops in metals. For example, in the present model we ignore contributions such as the vertices of the prismatic dislocation loops and self-interactions of the dislocation segments, 17, 18) etc. Nevertheless, we can systematically investigate and analytically express the properties of the dislocation loops. The line tension model would be valid for sufficiently large SIA clusters to which continuum elasticity theory can be applied. In addition to it, we find by numerical calculations that the contribution of the selfinteraction energy to the activation energy is faint. Besides, such simplified model is probably more appropriate for prismatic dislocation loops composed of so-called 'magic number', 7, 19, 37, 61, 91, Á Á Á, SIAs, 19) because they are expected to be very glissile and particularly stable. 5, 6) 
Line Tension Model
We estimate the activation energy E a of the dislocation loop in the line tension model. The dislocation loop is exhibited on the flattened lateral surface of the circular cylinder, as shown in Fig. 3 . The parameter z 0 depicted in it is quite important to obtain analytic solutions for the saddle point configuration. The Peierls potential VðzÞ is minimum at z ¼ AEb=2 and maximum at z ¼ 0. At first, we assume the saddle point configuration of the dislocation loop to be the double-kink type solution likely depicted in Fig. 3 . Although a multiple-kink type solution 20, 21) is also possible, its total energy is most likely higher than that of the double-kink one. According to the line tension model, [14] [15] [16] the total energy E t of the dislocation loop is written as
where zðrÞ indicates the displacement of the dislocation line at the point r; 0 is the energy per unit length of the dislocation line; L is the length of the dislocation loop. We do not consider the external stress exerted on the dislocation loop in the present work. Equilibrium condition of the dislocation line is
One of the trivial solutions to eq. (3) is z 0. Then, we look for nontrivial solutions of the double-kink type likely depicted in Fig. 3 . Integration of eq. (3) yields
Inserting eq. (4) in eq. (2), and using eq. (4) again, the saddle point (unstable equilibrium) energy E s is found to be
These integrals, (5) and (6), are fundamental relations to analyze the dislocation loops in terms of the line tension model.
Activation Energy and Critical Length
We take a sinusoidal function (sine-Gordon type) as the Peierls potential in this paper for practical purposes,
Then, one calculates the Peierls stress P , minimum external stress required to move a straight dislocation 14, 22 )
Inserting eq. (7) in eqs. (5) and (6), we obtain ; K and E are complete elliptic integrals 23) defined in Appendix A. The energy unit in eq. (10) is
We add that periodic systems similar to ours have already been investigated especially in the field of the solitons, e.g.,
24)
Now, we introduce an important constant, i.e., critical length of the dislocation loops, according to eq. (9). Let's define the critical length
When L < L c , then there is no real solution to eq. (9) because the complete elliptic integral of the first kind KðkÞ is larger than =2. 23) However, the trivial solution, z 0, is possible to be the saddle point configuration for dislocation loops of arbitrary length. Therefore, it is a unique solution for the saddle point configuration in this range, L < L c . As shown in Fig. 4 , the activation energy E a is merely proportional to the loop length L in this range, which is easily explained by taking into account that the saddle point configuration is the trivial solution. On the other hand, if L > L c , there exists an appropriate double-kink type solution. Exactly speaking, two saddle point configurations, the trivial and double-kink types simultaneously exist. Practically, the transition path always passes through the energetically lowest saddle point. 10, 11) Anyway, the trivial and double-kink solution bifurcate at L ¼ L c , as shown in Fig. 4 . The activation energy E a is rather constant for sufficiently long dislocation loops and converges to a finite value 8E 0 =, which, of course, corresponds to the double-kink formation energy on the infinitely long dislocations. 14) Based on the present result, we estimate the energy unit E 0 and critical length L c for the dislocation loops in actual BCC metals, especially in -Fe from eqs. (11) and (12) . We assume here that the Peierls potential for the dislocation loops is identical to that for infinitely long dislocations, which is also a drastic assumption but plausible for somewhat long dislocation loops. Many researchers investigated the Peierls stress for perfect screw dislocations s P in BCC metals, [25] [26] [27] because actual plastic deformation of BCC metals is dominated by the screw dislocations. The magnitude of s P is roughly of order of 10 À3 G, 28) where G is shear modulus. On the other hand, there is only a little knowledge about the plastic deformation by non-screw dislocations, e.g., a series of microyielding experiment 29, 30) and simulations. [31] [32] [33] [34] Anyway, they inferred that the Peierls stress for the edge dislocations e P is about an order of magnitude smaller than s P . We take here e P ¼ 4 Â 10 À4 G for edge dislocation along h11 " 2 2i with Burgers vector b ¼ a=2h111i in -Fe; it was calculated using Finnis-Sinclair potential 35, 36) in cooperation with graduate students. 37 ) About the energy per unit length 0 , there are some ambiguities but some researchers recommended it is the same order as or smaller than the core energy.
14,16,38,39) Therefore, we assume it to be 0 ¼ 0:2Gb 2 . Finally, we evaluate the critical length as L c ¼ 56b from eqs. (8) and (12); energy unit E 0 ¼ 0:040 eV from eq. (11).
Transition Rate
According to the rate theory, 10) the transition rate À in eq. (1), i.e., jump frequency from A to B through P in Fig. 1 , is expressed as the ratio of two configurational partition functions, as follows
The integration with respect to S is over the hyper-surface S in Fig. 1 . On the other hand, the integration with respect to V is over the portion of configuration space to the A-side of the hyper-surface S. We now employ the theory of small vibrations to approximate eq. (13). The potential energy near A and P can be expanded in Taylor series to second order.
where q n and q 0 n are generalized coordinates; n and 0 n are normal modes. Inserting eq. (14) in eq. (13), we obtain an explicit form of the transition rate À. The activation energy E a is calculated in the previous section. The normal modes about the point A and P are derived from the equation of motion of the dislocation line
where 0 is effective mass per unit length.
Short dislocation loop, L < L c
As pointed out in the previous section, saddle point configuration for dislocation loops shorter than L c is the trivial solution, z 0. Therefore, the normal modes about A and P are Analysis of the Thermal Activation of High-Mobility Dislocation Loops 459
where n ¼ 0, 1, 2, 3, Á Á Á and L c is the critical length defined in eq. (12) . The frequency 0 0 about the saddle point P is imaginary and is called 'longitudinal transition mode'. 15) From the physical requirement of the saddle point configuration, it is necessary that there should be at least one imaginary frequency. By removing this unstable mode, the pre-exponential factor of the Arrhenius equation in eq. (1) is expressed 10 )
Inserting eq. (16) in eq. (17), the pre-exponential factor in eq. (1) is estimated
The saddle point configuration for dislocation loops longer than L c is the double-kink type. The normal modes around the double-kink solution 0 n are derived from Lamé's equation 24, 40) as mentioned in Appendix B. There are two special modes, 
where M k is effective mass of double-kink. Equation (19) is numerically estimated and the result is shown in Fig. 5 .
Discussion
Now, we present a new concept about the thermal activation of the high-mobility dislocation loops (SIA clusters). As shown in Fig. 6 , the high-mobility SIA clusters are supposed to be bundles of h111i crowdions. The edge dislocation is also regarded as a large bundle of the crowdions which fill up the extra half plane. In brief, the single crowdion, dislocation loop (periphery of SIA cluster) and edge dislocation are essentially the same type of defects but different in size. However, we infer that the SIA clusters should qualitatively change from point-defect-like to dislocation-like somewhere. As mentioned in the present paper, the transition rate and activation energy depend on the length of the dislocation loops; the dependence drastically changes at the critical length L c , as shown in Fig. 4 and eqs. (17) and (19) . If the dislocation loops are longer than L c , the saddle point configuration is the conventional double-kink type; this thermal activation is regarded as a typical dislocation-like reaction. On the other hand, if the dislocation loops are shorter than that, the trivial solution, z 0, is the saddle point configuration; this non-deformation type motion would be related to the migration of point defects. Therefore, we propose that the critical length L c should be a criterion to classify the dislocation loops as dislocation-like or pointdefect-like.
We confirm here the validity of the line tension model used in the present paper. It is a kind of approximation, e.g., the elastic energy is proportional to the dislocation length, the Peierls potential does not depend on the loop length, etc. Such model is inappropriate for small prismatic loops and abrupt kink, of course. We suppose that the present model would be adequate in the range where linear elasticity theory can be applied; the range is usually further than 3$5b from the dislocation and the gradient of the dislocation line dz=dr ( 1. Although these conditions are not always satisfied, the dislocation loops longer than L c would be adequate in BCC metals. For example, as mentioned in the previous section, we estimate P ¼ 4 Â 10 À4 G and 0 ¼ 0:2Gb 2 for -iron. The critical length is evaluated as L c ¼ 56b and the diameter of the prismatic dislocation loop is about 18b. Therefore, it is sufficiently large to be described in the elasticity model. The gradient of the dislocation line is estimated from eqs. (4) and (7) as
The maximum is evaluated as 0.036, which is sufficiently small. The mechanism for thermal activation of the dislocation loops (SIA clusters) have been still controversial. According to numerical calculations in -Fe, Osetsky et al. 6) show the activation energy does not depend on the number of interstitials, 0:021$0:024 eV, and suggest that crowdions in the SIA clusters independently migrate toward the closepacked direction. It is similar to our result for sufficiently long dislocation loops, as shown in Fig. 4 . However, we rather assume a kind of collective motion of SIA clusters. Soneda et al. 7) and Marian et al. 8) obtain similar results; the migration energies are calculated for up to about 20 SIAs; the single and small SIA clusters, I 2 and I 3 , have somewhat larger migration energies than other larger ones. Wirth et al. 5) investigate so-called 'magic number' clusters; the activation energies of I 19 and I 37 are 0.023 eV and 0.052 eV, respectively. They describe intrinsic kinks at the periphery of the SIA clusters. The main reason why these numerical results are different is that they used different interatomic potentials.
The pre-exponential factor Ã 0 has singularity at L ¼ L c , according to eqs. (17) and (19) . We suppose the assumption of the infinitesimal vibration of the dislocation line and linear approximation associated with it are not valid around the critical length. Therefore, such singularity would not be realized for prismatic dislocation loops in actual metals owing to non-linear effect etc.
Summary
We analyze thermal activation of high-mobility dislocation loops in terms of the line tension model where the Peierls potential and line tension energy are taken into account. This is qualitative but suggestive analysis. We introduce the critical length L c which is evaluated by material constants. The properties of dislocation loops quite change at L c . In particular, the dependence of the activation energy on the loop length obviously changes at the critical length. It is caused by alteration of the saddle point configuration of the dislocation loops. If the length is longer than the critical length, the saddle point configuration is double-kink type which is well known as the transition process of the straight dislocation. On the other hand, the saddle point configuration is trivial solution, if the length is shorter than that. This fact suggests that the critical length L c is probably an appropriate criterion to distinguish dislocations from SIA clusters. We estimate the critical length L c ¼ 56b and energy unit E 0 ¼ 0:040 eV for -Fe, assuming that the dislocation loops have the same Peierls potential as straight dislocations. The maximum activation energy is 8E 0 =, which is corresponds to the infinitely long dislocation. The jump frequency (Arrhenius equation) of the dislocation loops is also calculated from normal modes of the dislocation line. Although the pre-exponential factor has singularity at the critical length by strict application of the line tension model, we doubt whether it would be realized.
